The technical feasibility of using Jordanian low-grade phosphate (JLGP) for the removal of lead ions from aqueous solutions was investigated in this study. To simulate real industrial wastewaters, the effects of the presence of ethylenediaminetetraacetic acid (EDTA), citric acid, tartaric acid or sodium chloride on the adsorption of lead ions on JLGP were also investigated.
INTRODUCTION
Heavy metals such as lead, zinc and copper, etc. produced by different industries are among the toxic contaminants present in the environment. These heavy metals are non-biodegradable and can accumulate in living organisms causing many health problems and disorders. Exposure of humans to lead levels above permissible values can cause various diseases and adverse health effects (Bailey et al. 1999) . Lead can damage the kidneys (US EPA 1984) and has been found to have adverse effects on the gastro-intestinal, circulatory and renal systems (Berzins and Bundy 2002) . Thus, removing lead or decreasing its concentration to permissible levels before discharge becomes a priority.
Different methods have been used and proposed to remove toxic heavy metals from industrial wastewaters. These methods include chemical precipitation (Henke 1998) , membrane filtration, ion exchange, reverse osmosis (Ning 2002) , alum coagulation and adsorption wherein activated carbon is commonly used as an adsorbent (Abu Al-Rub et al. 2002) . However, the relatively high cost associated with the production and regeneration of spent carbon restricts its use in developing countries. Hence, in these countries, there is a need to identify and develop low-cost and efficient adsorbents (Abu Al-Rub et al. 2002; Abdulkarim and Abu Al-Rub 2003) . These adsorbents can be classified into four groups: microbial (Abu Aksu 2001; Tam et al. 1998; Holan and Volesky 1994) , agricultural by-products or wastes (Abu Al-Rub et al. 2002 , 2004 Abdulkarim and Abu Al-Rub 2003; Kandah et al. 2002; Ho et al. 2002; Saravanane et al. 2001; Al-Asheh and Banat 2001; Orhan and Buyukgungor 1993; Singh and Lai 1992) , industrial wastes, e.g. waste rubber (Knocke and Himphill 1981) , and naturally occurring materials.
The use of naturally occurring adsorbents for the removal of heavy metals has been investigated extensively. Thus, Al-Degs et al. (2001) investigated the technical feasibility of using diatomite and Mn-diatomite for the removal of Pb(II), Cu(II) and Cd(II). The potential use of bentonite as an adsorbent for different heavy metal ions from aqueous and acidic solutions has been investigated by many researchers (Naseem and Tahir 2001; Christids et al. 1997) . Orumwense (1996) used kaolinitic clay for the adsorption of lead from water. Elizalde-González et al. (2001) used different natural solids, such as zeolites, volcanic stones and cactaceous powder, for the removal of arsenic from aqueous solutions. Alkan and Dugan (2001) used perlite for the removal of copper. Kandah (2002) investigated the adsorption of copper on Jordanian low-grade phosphate and proved the technical feasibility of using this adsorbent in copper removal.
Industrial wastewater effluents usually contain some other impurities associated with heavy metal ions, such as ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), citrate and tartrate (Kandah 2002; Reed et al. 1994; Ku and Peter 1986; Juang et al. 1999) . The presence of these chelating agents affects the removal of heavy metals by either chemical precipitation (Ku and Peter 1986) or adsorption (Juang et al. 1999) . Abu Al-Rub et al. (2002) found that the presence of either EDTA or NaCl in aqueous solution decreased the adsorption of nickel ions on sheep manure wastes. Kandah (2002) found that the presence of EDTA, NaCl, citric acid and tartaric acid decreased the removal of copper ions by Jordanian low-grade phosphate (JLGP).
JLGP is a by-product of the phosphate industry that is rejected and has no useful use. The production of rejected JLGP in Jordan is estimated to be 3.0 ´10 5 tonne/y. In this work, the potential use of JLGP for the removal of lead ions from aqueous solutions will be investigated. The equilibrium data for the sorption of lead ions onto JLGP will be analyzed using four different isotherm models, viz. Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R). The effects of adsorbent concentration, pH, particle size and contact time will also be studied. Further, and to simulate real industrial effluents, the influence of the presence of different ligands or chelating agents such as NaCl, tartaric acid, EDTA and citric acid on the removal of lead ions will be investigated. Finally, the kinetics of the sorption of lead ions from industrially simulated wastewater will be investigated using the first-order Lagergren equation (Gaid et al. 1994 ) and the pseudosecond-order equation suggested by Ho and McKay (1999) .
EXPERIMENTAL Chemicals
The adsorbent used in this study was Jordanian low-grade phosphate (JLGP). Table 1 lists the physical and chemical characteristics of this material. The samples used in this study were collected from the rejected waste area of the Jordan Phosphate Mines at Russaifa City. These samples were sieved to different particle sizes (from 0.063 mm to 1 mm) prior to use. As a sedimentary phosphate, the used material contained calcite, organic matter, quartz and clays (illite, montmorillonite). Different concentrations of lead ion solutions were prepared from 1000 ppm A.R. grade lead nitrate stock solution. Dilute hydrochloric acid or dilute sodium hydroxide was used to adjust the initial pH of the solution. Chelating agent solutions of different concentrations were obtained by diluting prepared 10 mmol/l aqueous solutions of EDTA, citric acid, tartaric acid or NaCl.
Experimental
Batch adsorption experiments were carried out in 100-ml bottles containing known amounts of JLGP. In all experiments, 50 ml of a Pb(II) solution at constant pH was added to these bottles which were then placed in a reciprocating shaker maintained at 25°C for predetermined time intervals (minimum 3 h except in kinetics and effect of time experiments). The adsorbent was then separated by centrifugation and the supernatant analyzed for its residual Pb(II) concentration using a Varian atomic absorption spectrophotometer. A ratio of 1 mmol lead ion/1 mmol chelating agent was always employed except in those experiments used to investigate the effect of the ligand-to-metal ratio on the percentage removal of metal ions. To ensure accurate results, most of the experiments were conducted in duplicate or triplicate.
The lead ion uptake was determined by measuring the concentration of Pb(II) in the aqueous phase before and after adsorption and using the equation:
( 1) where q e is the equilibrium uptake (mg/g), C 0 is the initial metal ion concentration (mg/l), C e is the equilibrium metal ion concentration (mg/l), V is the volume of the solution (l) and w is the mass of JLGP (g). Figure 1 shows the percentage removal of Pb(II) from 100 ppm Pb(II) solution at an initial solution pH of 4 using different amounts of 0.063-mm diameter JLGP. As can be noticed, this figure shows that the percentage removal of Pb(II) increased rapidly with increasing adsorbent mass. This increase started from 34% for 0.02 g JLGP (corresponding to a concentration of 0.4 g JLGP/l) and reached a maximum value of 97.0% for 0.1 g JLGP (corresponding to a concentration of 2.0 g JLGP/l). When the adsorbent mass was greater than 0.1 g, the percentage removal became independent of the adsorbent mass, i.e. the adsorption capacity of JLGP had been attained at this point. Thus, in most subsequent experiments, 0.1 g JLGP was used.
RESULTS AND DISCUSSION

Effect of adsorbent concentration
Effect of initial metal ion concentration
The effect of initial metal ion concentration is an important factor that affects the adsorption of heavy metals. The initial concentration contributes in the driving force to mass transfer. Thus, a higher initial metal ion concentration would be expected to increase the mass-transfer rate and hence enhance the adsorption of metal ions on the adsorbent. Figure 2 shows the removal of lead ions from solutions containing different initial ion concentrations (20-350 ppm) using 0.07 g JLGP. The lead ion uptake on 0.1 g JLGP, as calculated using equation (1) for different initial Pb(II) concentrations, increased with increasing lead ion concentration as shown in Figure 3 .
Adsorption isotherms
The equilibrium adsorption isotherm shown in Figure 3 , which is indicative of the distribution of metal ions between the solid and the solution under equilibrium conditions, is of great importance in the design of adsorption systems. The Langmuir isotherm model, which is valid for monolayer sorption onto a surface with a finite number of identical sites and uniform adsorption energies, may be written in its simplified form (Langmuir 1916) as: (2) where Q c and b are the Langmuir constants which are related to the adsorption capacity, i.e. the maximum surface coverage, and the energy of adsorption, respectively. These constants were determined by linear regression methods and the corresponding values obtained are listed in Table 2 . The fit of the Langmuir equation to the experimental data was excellent since the correlation coefficient of the linear regression, R 2 , was 0.998. The adsorption capacity, Q c , for the lead ion on JLGP is tabulated in Table 3 together with the adsorption capacity for the lead ion on other different adsorbents. As may be noted, the value of Q c on JLGP is somewhat larger than on many other adsorbents, thereby demonstrating the technical feasibility of using JLGP for the removal of lead ions from aqueous solutions. The Freundlich isotherm model, which is an empirical equation, is another widely used isotherm for describing adsorption data (Freundlich 1926) . According to this model: (3) where K and n are the Freundlich constants which are indicators of the adsorption capacity and the adsorption intensity, respectively. The Freundlich constants are listed in Table 2 Freundlich equation to the experimental data was also very good since R 2 was found to be 0.96. As noted in Table 2 , the value of n was greater than unity, indicating that Pb(II) exhibited increased adsorption on JLGP at higher concentrations. In contrast to the Freundlich isotherm, which assumes a logarithmic decrease in the heat of adsorption with surface coverage, the Temkin isotherm assumes that this decrease is linear and may be expressed by the equation (Ho et al. 2002; Hasany and Chaudhary 1996) : (4) where b T and A T are the Temkin constants and R is the gas constant. The values of the Temkin constants obtained from the experimental data are listed in Table 2 together with the value of R 2 . As indicated by the latter value, the fit of the Temkin equation to the data was excellent.
The final model to be used was the Dubinin-Radushkevich (D-R) isotherm which is given by the equation (Ho et al. 2002; Aharon and Sparks 1991) : (5) where q D and B D are the D-R constants which are related, respectively, to the maximum adsorptive capacity and the mean free energy of adsorption per mole of adsorbent (E) as the adsorbate is transferred to the surface of the solid from an infinite distance away in the bulk fluid. The quantity E can be calculated from the relationship (Dubinin 1960):
The parameters of the D-R model for the experimental data together with the corresponding value of R 2 are also listed in Table 2 and indicate that the fit of the D-R isotherm was also excellent. The value of E was found to be 7.0 kJ/mol. The range for E values in ion-exchange mechanisms is 8-16 kJ/mol (Ho et al. 2002) . As can be seen from the values of R 2 cited, all four models were capable of providing an adequate description for the adsorption of lead ions onto JLGP. This can be clearly seen by using the model parameters to calculate the lead ion uptake and then comparing the results with the experimental data. Such a comparison shows that the four models may be used to calculate the lead ion uptake, as indicated by the values of the root-mean-square deviations (RMSD) listed in Table 2 , where for N experimental points, Figure 4 shows the effect of JLGP particle size on the percentage removal of Pb(II) from a 100 ppm Pb(II) solution at an initial pH of 4. It is clear that increasing the particle size from 0.063 mm to 0.71 mm led to a decrease in the percentage removal from 97.0% to 62.5% due to the decrease in the surface area of the adsorbent. This may be explained on the basis that decreasing particle size resulted in an increase in the total surface area, thereby providing more sorption sites for the metal ions. A similar trend was observed by Abu Al-Rub et al. (2002) in the removal of nickel ions by adsorption onto sheep manure waste. 
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Effect of particle size
Effect of contact time and kinetics of adsorption of lead ions onto JLGP
Solutions containing Pb(II)
The effect of contact time on the adsorption of Pb(II) onto JLGP was investigated by determining the percentage removal of Pb(II) at different time intervals using 0.07 g JLGP. Figure 2 indicates that the adsorption of lead ions increased with increasing contact time and that the equilibrium uptake was attained within the first 20 min for all the initial lead ion concentrations studied. However, to ensure adequate equilibrium time, each experiment was run for at least 3 h. As indicated in Figure 2 , the effect of the initial Pb(II) concentration on the equilibrium time was negligible. Figure 2 also shows that the sorption of lead ions onto JLGP involved two stages. In the first stage, sorption was rapid with ca. 95% of the maximum lead ion removal occurring within the first 10 min. This rapid sorption stage indicates that passive surface adsorption occurred on the JLGP surface. The second stage was slow and may involve some ion-exchange mechanisms. The advantage of such a rapid initial adsorption stage in practical applications is that smaller reactor volumes may be employed.
Solutions containing Pb-ligand complexes
The effect of the presence of NaCl, EDTA, tartaric acid or citric acid in solutions containing lead ions was investigated as a function of time. The initial concentrations of Pb-NaCl, Pb-citric acid, Pb-tartaric acid or Pb-EDTA employed were all 1 mmol/l each (i.e. both the Pb(II) concentration and the ligand concentration were 1 mmol/l). The equilibrium time was attained within the first 60 min for all the Pb-ligand types examined as shown in Figure 5 . This figure also shows that the percentage removal of lead ions depended strongly on the type of ligand present in the solution. This latter observation may be attributed to the different functional groups present on each ligand type. Thus, it was found that the percentage removal of lead ions occurred in the order: Pb(II) > Pb-NaCl > Pb-tartaric acid > Pb-citric acid. The presence of such chelating agents in a solution containing lead ions is believed to lead to the formation of a complex between the lead ion and the chelating agent. This complex changes the equilibrium pH of the solution. Hence, the presence of ligands or chelating agents in the solution would affect the percentage removal of lead ions. There was no significant removal of lead ions in the presence of EDTA.
For studies of the kinetics of lead ion adsorption onto JLGP, the application of the first-order Lagergren equation (Gaid et al. 1994 ) and of the pseudo-second-order equation suggested by Ho and McKay (1999) was investigated for solutions containing an initial lead ion concentration of 100 ppm. The first-order Lagergren equation may be written as (Gaid et al. 1994) : (7) where q e (mg/g) is the metal ion uptake at equilibrium, q t (mg/g) is the metal ion uptake at a time t and K (1/min) is the first-order rate constant. The pseudo-second-order equation is given by (Ho and McKay 1999) : (8) where the initial rate of adsorption, h, is given by:
The sorption data were tested against both models and the results are shown in Figures 6 and 7, with the corresponding constants being listed in Table 4 . As can be seen from these results, only the pseudo-second-order kinetic equation was capable of describing the sorption of lead ions onto JLGP. The data listed in Table 4 indicate that the presence of ligands led to a decrease in the initial rate of adsorption and that this decrease was dependent on the type of ligand employed.
Effect of ligand to lead ion ratio
The effect of increasing the concentration of NaCl, EDTA, tartaric acid and citric acid on the removal of Pb(II) was also investigated, with the results being depicted in Figure 8 . It is evident from the figure that the percentage removal of lead ions decreased significantly with increasing ligand to metal ion ratio, and that the decrease in the percentage removal depended on the type of ligand present in the solution. At any fixed ligand to lead ion ratio, the percentage removal increased in the order: Pb(II) > Pb-NaCl > Pb-tartaric acid > Pb-citric acid. This effect may be explained on the basis of the different functional groups present in each type of ligand. No significant removal was observed in the case of EDTA. 
Effect of initial solution pH value
The initial pH of an aqueous solution is another important factor controlling the adsorption of heavy metal ions, since pH affects the surface charge of the adsorbents and the degree of ionization. The effect of the initial pH of Pb(II), Pb-NaCl, Pb-tartaric acid and Pb-citric acid solutions on the percentage removal of lead ions onto 0.1 g JLGP with a diameter of 0.063 mm after 3-h shaking was investigated. In all cases, the adsorption of Pb(II) onto the JLGP surface was pHdependent as demonstrated by the data depicted in Figure 9 . In the absence of chelating agents, the percentage removal of lead ions increased slightly with increasing pH. However, in the presence of ligands or chelating agents, this increase became more pronounced. In addition, the percentage removal of lead ions was found to be ligand-dependent and to lie in the order Pb-NaCl > Pb-tartaric acid > Pb-citric acid.
According to surface complexation models, the increase in metal ion removal with increasing pH can be explained in terms of the competition between protons and metal ion species for surface sites. At low pH values, the surface of the adsorbent is expected to be closely associated with hydronium ions that restrict the access of metal ions to the surface functional groups and consequently decrease the percentage of metal ion removal (Aksu 2001; Quek et al. 1998) . As the pH is increased, more functional groups such as phosphate, silica, etc. on JLGP will be exposed and carry negative charges. These charges consequently attract metallic ions with a positive charge and hence the adsorption is enhanced.
CONCLUSIONS
This study has shown that Jordanian low-grade phosphate has a high capacity towards the removal of lead ions from aqueous solutions. The Langmuir, Freundlich, Temkin and DubininRadushkevich isotherm models were found to fit the equilibrium isotherm data for the sorption of lead ions from aqueous solution onto JLGP satisfactorily. The adsorption of lead ions onto JLGP increased as the pH of the solution, the initial lead ion concentration or the amount of adsorbent was increased. The presence of NaCl, tartaric acid, citric acid or EDTA in the system led to a decrease in the removal of lead ions by JLGP. This decrease depended on the metal-ligand type involved and the ligand to metal ion ratio. Studies showed that the sorption of lead ions onto JLGP in the presence and in the absence of ligands followed pseudo-second-order kinetics.
